• Largest prospective trial for adult Burkitt lymphoma/ leukemia patients. • Substantial cure rates and high treatment-realization rates in all age groups.
Introduction
Treatment strategies for Burkitt lymphoma were pioneered in pediatric studies. Murphy et al 1 introduced fractionated high doses of cyclophosphamide and high-dose methotrexate (HD-MTX), in addition to vincristine, doxorubicin, and cytarabine. Thereafter, major contributions to cure rates of 70% to 90% in children were made by Magrath et al from the US National Cancer Institute, 2 St Jude Children's Research Hospital, 1 and several pediatric cooperative study groups in Europe such as the French Pediatric Oncology Society 3 and the Berlin-Frankfurt-Münster group. 4 These short-intensive regimens, all before rituximab, were adopted for adults with Burkitt lymphoma/leukemia, most in smaller series. In series with .30 patients, the weighted mean of the complete remission (CR) rates was 79%; the weighted mean of the overall survival (OS) rates was 64%. 2, [5] [6] [7] [8] [9] [10] [11] The German Multicenter Study Group for Adult Acute Lymphoblastic Leukemia (GMALL) conducted several studies for Burkitt lymphoma/leukemia since 1983 based originally on a pediatric Berlin-Frankfurt-Münster protocol for high-grade non-Hodgkin lymphomas including Burkitt lymphoma/leukemia. 4 The first protocol (B-NHL83) improved the OS rate for Burkitt leukemia significantly, from 10% with standard acute lymphoblastic leukemia (ALL)-type therapy to 49%. 5 In the subsequent studies, increased methotrexate doses from 500 mg/m 2 to 1500 mg/m 2 (B-NHL86) and to 3000 mg/m 2 (B-NHL90) did not further improve OS but aggravated toxicity. 7 Thus, a dose of methotrexate, 1500 mg/m 2 in younger patients and 500 mg/m 2 in elderly patients, was combined with the anti-CD20 antibody rituximab in the trial GMALL-B-ALL/NHL2002, reported here. Similarly, in all the above studies, short-intensive chemotherapy improved the outcome of adult Burkitt lymphoma/ leukemia, but not further; therefore, rituximab was added, with the rationale that the CD20 antigen is highly expressed. 12, 13 There is still the need to improve the outcome in elderly Burkitt lymphoma/leukemia patients as evident from recent surveys. [14] [15] [16] Also considering that the median age for this disease is 43 years in a survey from 2002 to 2008, 14 and 49 years in another study, 15 the GMALL study group decided to implement a dose-reduced protocol for patients aged .55 years to avoid substantial toxicity and thereby guarantee a high treatment-realization rate for this age cohort.
Patients and methods

Eligibility
Patients older than 15 years without an upper age limit were eligible if they had one of the following diagnoses: Burkitt lymphoma, Burkitt-like lymphoma, atypical Burkitt lymphoma, or Burkitt cell leukemia (Burkitt leukemia; also termed mature B-cell or L3-ALL). The following major exclusion criteria were applied: cytotoxic pretreatment except steroids or one cycle of CHOP (cyclophosphamide/hydroxy doxorubicin/vincristine/prednisone) or a similar regimen, severe impaired renal or liver function not caused by the underlying disease, secondary lymphoma following prior chemotherapy/ radiotherapy, or an active second malignancy. The protocol was approved by the ethical review board of the University of Frankfurt. All patients had to give written informed consent. The study was registered in a public registry (NCT00199082).
Diagnosis
Diagnostic tumor biopsies were reviewed by hematopathologists and classified as Burkitt lymphoma, Burkitt-like lymphoma, or atypical Burkitt lymphoma according to the Revised European American Lymphoma classification criteria 17 and the 2001 World Health Organization classification as the relevant classifications when the study was implemented. In Burkitt lymphoma, the diagnosis made by a local pathologist was confirmed by a reference Pathology Panel as a standard procedure in lymphoma diagnosis in 177 (79%) of the 225 patients. Chromosomal analysis and molecular genetics were not mandatory. Burkitt leukemia was defined as bone marrow involvement of leukemic blast cells in .25%. These diagnostic measures for Burkitt leukemia were performed in central laboratories for all participating hospitals. 5 All the above diagnostic Burkitt subentities were further analyzed together as Burkitt lymphoma/leukemia.
Clinical investigations
Procedures at primary diagnosis included laboratory evaluations with complete blood counts, differential counts, bone marrow analysis, complete laboratory chemistry, and microbiological investigations. Clinical investigations consisted of physical examination plus ultrasonography, x-ray computed tomography, or magnetic resonance imaging if clinically indicated. Lumbar puncture for cerebral fluid at diagnosis was recommended for all Burkitt leukemia patients and in only those Burkitt lymphoma patients with neurologic symptoms.
Therapy
Chemoimmunotherapy regimen. The chemotherapy schedule is summarized in Figure 1 . All patients received a prephase treatment with cyclophosphamide and prednisone on days 1 to 5 to stabilize the clinical condition of the patient and to reduce the risk of tumor lysis syndrome. The protocol for younger patients (,55 years) consisted of 3 different courses (A, B, C) of chemotherapy, given at 2-week intervals, repeated once for a total of 6 cycles. All cycles started with a standard dose of rituximab (375 mg/m 2 ), followed by chemotherapy the next day (details in Figure 1 ). Two additional doses of rituximab were administered 3 and 6 weeks after completion of the combined chemoimmunotherapy cycles. Older patients (.55 years) received alternating dose-reduced cycles A and B (see supplemental Figure 1 , available on the Blood Web site).
Radiotherapy and salvage therapy. Central nervous system (CNS) irradiation (24 Gy) was recommended after 6 cycles for all patients with initial CNS involvement; mediastinal irradiation (36 Gy) was recommended For personal use only. on July 16, 2017 . by guest www.bloodjournal.org From Figure 2 . Treatment scheme and the detailed treatment application for patients aged 15 to 55 years. CNS prophylaxis (**) started with a single intrathecal administration of methotrexate (MTX) on day 1 of prephase treatment, followed by triple intrathecal therapy with MTX, cytarabine, and dexamethasone in cycles A and B, twice per cycle. The second application in cycle A on days 12 and 33 was later omitted because triple intrathecal therapy may have aggravated cytopenia, particularly neutropenia, due to a systemic effect; furthermore, the patients increasingly complained about the number of intrathecal injections. Patients with documented CNS involvement received intrathecal chemotherapy twice weekly during induction until the cerebrospinal fluid cell count was normalized and the cytological examination was negative, and then followed the prophylactic scheme described above. Prophylactic application of granulocyte colony-stimulating factor after each cycle was part of the protocol. The aim was the application to therapy cycles at 21-day intervals. Before each cycle, hematologic regeneration with granulocytes .1000/mL, platelets .50 000/mL, the absence of grade 3/4 mucositis, or other severe organ toxicities was required. In Burkitt patients with stage I-II disease achieving a CR already after 2 cycles, chemotherapy could be stopped after 4 cycles if they had no initial extranodal involvement or a mediastinal tumor. The protocol for older patients (.55 years) consisted of cycles A and B alternatively repeated up to 6 total cycles (supplemental Figure 1) . To reduce toxicity, HD-MTX was reduced to 500 mg/m 2 , cycle C with high-dose cytarabine was omitted, and intrathecal therapy with MTX was reduced to single to triple intrathecal therapy. c.i., continuous infusion; G-CSF, granulocyte colony-stimulating factor; h, hour; HD, high-dose; i.th., intrathecal; p.o., by mouth; s.c., subcutaneously; tu, tumor; VM26, teniposide.
for those with mediastinal tumor (.7.5 cm) at diagnosis. In patients with residual tumors at other sites, irradiation was given upon advice by the study center and the reference radiotherapist. For patients not responding, salvage therapy followed by subsequent stem cell transplantation was recommended.
Statistical analysis
The statistical analysis was performed by the GMALL Study Center. The remission status was evaluated after cycles 2, 4, and 6. The response criteria followed the recommendations of an international working group that developed standardized response criteria in non-Hodgkin's lymphoma. 18 Toxicities were assessed according to the Common Terminology Criteria v2.0 scale for adverse events, and only grade 3/4 was recorded. The influence of entrance parameters on the achievement of CR was evaluated by the x 2 test. Median values were compared by the Wilcoxon-Mann-Whitney test. The probabilities for OS and progression-free survival (PFS) were computed by the Kaplan-Meier method and compared by the log-rank test. The Cox model was used to test prognostic factors in correlation with OS. The OS was calculated from the first day of therapy to death or the date of last review in all evaluable patients; PFS was calculated for all patients from the date of diagnosis to the date of early death, progression, failure, relapse, death in CR, or secondary malignancy (whatever occurred earlier) or the last date of follow-up (censored) in patients without progression/relapse, continuous CR/CR unconfirmed, or withdrawal. The median follow-up of surviving patients was 3.6 years. A calculated P value ,.05 was established to indicate statistical significance. All analyses were performed with the SAS program (SAS 9.3, SAS Institute, Cary, NC).
Results
Patient recruitment
Patients were recruited from 97 hospitals in Germany and one center in Poland. Of the 386 patients registered (Figure 2 ), 5 had to be excluded; 8 did not have their diagnosis confirmed; and 10 terminated the study before evaluation. Of the remaining 363 patients, 225 were diagnosed with Burkitt lymphoma and 138 with Burkitt leukemia; 265 were #55 years old, and 98 were .55 years old. The full treatment protocol could be realized in 86% (293/341).
Patient characteristics
Patient characteristics are given in Table 1 for the total cohort of 363 Burkitt lymphoma/leukemia patients. The median age was 42 years, with a range of 16 to 85 years. The 98 patients older than 55 years constituted 27%, with 19 patients aged 55 to 59 years, 34 aged 60 to 65 years, 30 aged 66 to 70 years, and 15 patients older than 70 years. There was an unequivocal gender distribution, with 70% (253) male and 30% (110) female patients. Extranodal involvement was observed in 86% (n 5 297). The CR rate for the total cohort was 88% (Table 2) ; for the age cohorts #55 and .55 years, it was 89% and 84%, respectively (P 5 .0002). The death rate during therapy was lower for the younger patients ,55 years old compared to patients .55 years old (2% vs 11%; P = .0002), in whom .90% of deaths were due to infections.
Overall outcome and prognostic factors
The OS rate for the total cohort was 80% 6 2%, and the PFS rate was 75% 6 3%.
The pretreatment with 1 cycle of CHOP (mostly applied due to delayed confirmed diagnosis) in a small cohort of patients (n 5 14) vs no pretreatment (n 5 349) had no impact on OS (supplemental Figure 2) . In addition, the diagnosis of Burkitt lymphoma vs Burkitt-like lymphoma had no influence on outcome. When the outcome was analyzed for the age groups #55 years vs .55 years (the latter having received the less-intensive protocol), the OS rate was 86% 6 2% vs 62% 6 2%, and the PFS rate was 82% 6 3% vs 60% 6 5% (Table 2; Figure 3 ). Adolescents (aged 15-25 years) had an OS rate of 90% 6 4%; adults (aged 26-55 years) had a rate of 64% 6 3%; and older patients (.55 years) had a rate of 62% 6 5%. The outcome of patients older than 55 years was further analyzed according to increasing age (supplemental Table 1 Table 1) .
Several parameters at diagnosis had a significant impact on OS rate (Table 1) : male (n 5 253) vs female (n 5 110) gender, 84% 6 2% vs 70% 6 5% (P 5 .004); white blood cell count below or above Values are n (%) or mean 6 standard deviation. 30 000/mL, 83% 6 2% vs 62% 6 11% (P 5 .007); platelet count below or above 25 000/mL, 53% 6 8% vs 85% 6 2% (P 5 .007); LDH within the reference range (#250 U/L) vs increased (.250 U/L) (P 5 .0006); bone marrow involvement vs none (P , .0001); CNS involvement at diagnosis vs none (P 5 .02); and stage I-II vs III-IV, 90% 6 3% vs 76% 6 3% (P 5 .002). For the IPI score of low (0-2) vs high (3-5), the OS was 90% 6 3% vs 75% 6 4% (P 5 .0005), and for the aaIPI, the corresponding OS for low score (0-1) vs high (2-3) was 93% 6 3% vs 74% 6 3% (P , .0001).
In a multivariate analysis for OS, the factors of age (#55 or .55 years), LDH (#250 vs .250 U/L), stage I-II vs III-IV, bone marrow involvement, CNS involvement, aaIPI score (0-1 vs 2-3), extranodal involvement, and gender were included, and the following factors remained significant: age (P 5 .0014; hazard ratio 2.5), bone marrow involvement (P 5 .01; hazard ratio 2.4), LDH (P 5 .02; hazard ratio 4.4), and gender (P 5 .006; hazard ratio 2.2).
Radiation therapy
Radiation therapy was given as a consolidation in 61 of 363 patients. CNS irradiation with 24 Gy was applied to 24 patients with initial CNS involvement, and mediastinal irradiation with 36 Gy in 6 patients. Other sites of irradiation are listed in Table 3 .
Relapse pattern
The overall relapse rate of the CR patients was 12% (37/319) ( Table 4 ). The most frequent site of relapse was the CNS (n 5 12), either combined with other sites (n 5 7) or as the primary site of relapse (n 5 5). The second-most frequent relapse localization was the bone marrow (n 5 9). Other relapse sites are listed in Table 4 . The majority of relapses occurred within the first year.
Toxicity
The toxicity grade of 3/4 for all chemoimmunotherapy cycles (A1, B1, C1 and A2, B2, C2) and the cumulative toxicity for all cycles for patients #55 years are given in Table 5 . Hematologic toxicity was the most pronounced toxicity, particularly the incidence of grade 3/4 neutropenias during cycle A1 in 58% of patients and the duration of grade 4 neutropenia with 6 days (decreasing in frequency and duration with each cycle). Correspondingly, infections were more often observed in cycle A1, with an incidence of 38%, also decreasing substantially during the subsequent cycles. Liver toxicity (glutamate oxaloacetate transaminase/glutamate pyruvate transaminase .5xN) was pronounced in the first treatment cycle. The incidence of mucositis grade 3/4 was high throughout the first 2 cycles. It is unfortunate that in the beginning of this study, a 33-yearold male Burkitt lymphoma patient was accidently administered intrathecal vincristine after cycle A2. Despite immediate recognition and treatment in the neurosurgery department, he died 9 months later. As a consequence, different steps to prevent accidental intrathecal injection were again recommended. 19 The frequency of grade 3/4 neurotoxicity was otherwise low, with a cumulative incidence of 1%. Other toxicities of grade 3/4 occurred only in few patients ( Table 5 ). The toxicity pattern for Burkitt lymphoma/leukemia patients .55 years old (also given separately for each chemotherapy cycle; supplemental Table 2 ) did not substantially differ from the younger cohort but was more pronounced. In particular, the first cycle revealed a high incidence of neutropenia grade 4 and, together with the prolonged duration, yielded a higher rate of infections associated with an increased rate of death in induction (11%), particularly in Burkitt leukemia patients.
Discussion
In this largest prospective trial for adult patients with Burkitt lymphoma/leukemia with 363 evaluable patients from 98 centers, the high rate (86%) of patients receiving the full proposed protocol reflected that the combined chemoimmunotherapy approach was feasible in such a multicenter approach.
The overall CR rate of 88% was high but not significantly superior to (1) that obtained in the study B-ALL/NHL90 without rituximab (83% for Burkitt lymphoma, 75% for Burkitt leukemia), 7 (2) the CR rate observed by Thomas et al, 8 or (3) the CR rate reported in a recent comparison using a similar chemotherapy backbone with and without rituximab. 11, 20 However, there are no randomized or Values are n or n (%). For personal use only. on July 16, 2017. by guest www.bloodjournal.org From matched-pair comparisons with respect to CR rates with and without rituximab. The long-term outcome could be substantially improved, with an OS rate of 80% and a PFS rate of 75% at .7 years, reflecting a high cure rate, since the few relapses occurred mostly within the first year. In adolescents aged 15 to 25 years, the OS rate of 90% is equal to best results achieved in adolescents treated according to pediatric protocols, albeit with higher doses of methotrexate and without rituximab. Remarkably, the cohort of 130 adults aged 26 to #55 years also had a promising OS rate of 84%. The outcome of the 98 elderly patients .55 years, the largest cohort of this age hitherto reported, with an OS rate of 62% and a PFS rate of 60%, was inferior but still encouraging, indicating that a reduced-intensity regimen was sufficiently effective in older Burkitt lymphoma patients. In most trials, the results for elderly Burkitt patients are inferior to those of the younger cohorts [20] [21] [22] [23] ; in only a few patients are the results similar. 24, 25 When the patients .55 years old were analyzed according to the age subgroups 56 to 59 years, 60 to 65 years, 66 to 70 years, and .70 years (Figure 4 ; supplemental Table 1 ), the CR rates were similar: 74%, 91%, 83%, and 80%, respectively. Respective OS rates were 56%, 71%, 68%, and lower in the oldest age group (43%) but without statistically significant difference (P 5 .75). Again, this analysis underlines that the protocol is effective in this older patient population, but attempts still have to be undertaken to decrease the relapse incidence. To reduce particularly those relapses in the bone marrow and CNS, a moderate dose of cytarabine (1 g/m 2 ) is now included in 2 cycles (C1, C2) for this age cohort. Interestingly, there was a strong influence of gender on the OS observed in another adult Burkitt trial. 16 In our study, 70% of the patients were male, with an OS rate of 84% 6 2% compared to 70% 6 5% for female patients. The difference, as evident from Figure 4 , was a higher rate of events between 0.5 and 1.5 years in the female cohort. This is in contrast to a better outcome of female patients with diffuse large B-cell lymphoma treated with rituximab plus CHOP, where the explanation is a prolonged half-life of rituximab in elderly female patients. 26, 27 In our Burkitt lymphoma/leukemia cohort, reasons for the inferior outcome of the female patients are as yet unclear.
Other study groups have recently conducted trials on Burkitt lymphoma/leukemia, adding rituximab. When rituximab was added to the regimen of cyclophosphamide/vincristine/adriamycin/dexamethasone/ HD-MTX/high-dose cytarabine 8 twice in the first 4 chemotherapy 
Pain 53 (26) 44 (21) 29 (14) 27 (14) 21 (12) 18 (11) 192 (17) Infection 79 (38) 36 (17) 36 (17) 49 (25) 22 (13) 30 (19) 252 (22) Liver toxicity
GOT/GPT .5xN 56 (27) 18 (9) 17 (8) 24 (12) 6 (4) 7 (4) 128 (11) AP .5xN
Gastrointestinal Vomiting 29 (14) 22 (10) 15 (7) 20 (10) 9 (5) 5 (3) 100 (9) Mucositis (stomatitis) 74 (36) 78 (37) 51 (25) 52 (27) 43 (25) 31 (19) 329 (29) Diarrhea 14 (7) 8 (4) 13 (6) 6 (3) 2 (1) 4 (3) 47 (4)
Thromboembolic events 3 (1) 5 (2) 3 (1) 3 (2) 2 (1) 2 (1) 18 (2) Other
Creatinine .3xN
Values are n (%) unless otherwise indicated.
AP, alkaline phosphatase; ATIII, antithrombin III; GOT/GPT, glutamate oxaloacetate transaminase/glutamate pyruvate transaminase; -, none.
cycles, 86% of 31 patients with Burkitt lymphoma or Burkitt leukemia (including 9 patients $60 years) achieved CR, and the 3-year OS rate was 89%, with no additional toxicity compared to the previous protocol of chemotherapy only. Rituximab was also added to the regimen of cyclophosphamide, doxorubicin, high-dose methotrexate, ifosfamide, etoposide, and high-dose cytarabine with a median of 4 doses in 40 patients. The CR rate for patients given the regimen with rituximab vs no rituximab was 90% vs 85%, and the respective 3-year OS rate was 77% vs 66%. 28 Because the outcome for the patients given the regimen with rituximab was not significantly superior, it has been considered whether more frequent dosing of rituximab might provide the optimal benefit. In another trial of 30 patients in which rituximab was added to the above-mentioned regimen, 93% achieved CR 22 ; PFS was significantly lower in older patients (49% in those .60 years vs 93% in those #60 years; P 5 .03), thus leaving outcome of elderly patients a priority.
Two European study groups have also used the GMALL-B-ALL/ NHL2002 protocol reported here, confirming the promising results. The Spanish study group applied it in 36 patients, of whom 53% were HIV infected. 29 For HIV-negative and HIV-positive patients, the CR For personal use only. on July 16, 2017. by guest www.bloodjournal.org From rates were 88% and 84%, and the 2-year OS rates were 82% vs 73%. The full protocol could be applied in 68% of HIV-positive patients. It was concluded that such a regimen is applicable in HIV-positive patients. The Northern Italy Leukemia Group adapted the same protocol to treat 105 adult patients, 55 with Burkitt lymphoma and 50 with Burkitt leukemia. 30 The CR rate was 79%, and at 2 years, 61% were alive; patients .55 years had a poorer outcome, with an OS rate of 28% compared with 89% in younger patients.
In a trial by the Cancer and Leukemia Group B, 105 adult patients with Burkitt or Burkitt-like leukemia/lymphoma received the modified GMALL study B-NHL86 protocol with rituximab. 20 The CR rate was 83%; the 4-year event-free survival rate, 74%; and the OS rate, 78%; and there was a substantial age difference, with a remission duration of 81% vs 54% for the cohort .60 years old (27%).
Recently, the regimen of dose-adjusted etoposide, doxorubicin, cyclophosphamide, vincristine, prednisone, and rituximab was tested in 19 HIV-negative patients, and a lower-dose short-course combination of this regimen including a double dose of rituximab was tested in 11 HIV-positive patients. The PFS in the two cohorts was 95% and 100%, respectively, but the overall median age was 33 years; only 10% had high-risk disease. 25 All these studies that included rituximab undoubtedly improved the outcome for younger Burkitt lymphoma/leukemia patients but still left the need for improved outcomes in elderly patients: according to the Surveillance, Epidemiology, and End Results Program database (2007), 59% of Burkitt lymphoma cases occurred in patients older than 40 years. 14, 21 The major toxicity in patients ,55 years was myelosuppression and corresponding cytopenias (particularly in cycle A), leading to infections. This toxicity pattern was even more pronounced in patients aged .55 years. The median duration of neutropenia grade 4 was 9 days, leading to infections, causing a higher death rate during induction. Mucositis, a severe side effect in this study, is attributable to the long exposure to methotrexate as a 24-hour continuous infusion. However, shortening of the methotrexate application time did not seem advisable, because in a randomized childhood ALL trial, shorter methotrexate application over 4 hours resulted in a lower event-free survival rate. 31 In Burkitt lymphoma, there was a significant difference in outcome for patients with an IPI score of 0-2 and those with an IPI score of $3 (P 5 .03). Also, female gender had a significant adverse influence on OS (P 5 .03), as observed in other Burkitt lymphoma studies. 16 CNS disease at diagnosis or elevated LDH had no adverse prognostic impact. In this study, starting in 2002 with a large number of hospitals, molecular markers analysis was not mandatory. In the limited number of patients analyzed, there was no difference between those with typical karyotype aberration or c-myc positivity compared to those without (Table 1) . Thus, patients with a potential inferior prognosis, such as double-hit lymphomas or those with 7q or 13q as a secondary chromosomal aberration, could not be identified. 32 Future progress might be achieved by such diagnostic measures as the detection of residual disease in Burkitt lymphoma by positron emission tomography, which could not be implemented in this study starting in 2002 for all of the participating centers. The evaluation of minimal residual disease in Burkitt leukemia in patients with initial bone marrow involvement, as pioneered in children, 33 may identify early vs late responders. New therapeutic options could include the intensification of rituximab, newer anti-CD20 antibodies, or the application of other monoclonal antibodies targeting CD19, an antigen highly expressed in Burkitt lymphoma. The bispecific antibody (CD3/CD19) blinatumomab, already successfully explored in adult minimal residual disease-positive ALL patients, 34 may also be promising in Burkitt lymphoma/leukemia patients, as well as CD19-directed chimeric antigen receptor-modified T cells. 35 
